The porphyrin and phorbin biosynthetic activity of etiolated cucumber (Cucumis sativus, L.) cotyledons was compared to that of cotyledonary homogenates. Etiolated The terminology proposed by Kirk and Tilney-Basset is followed in this paper: the term "protochlorophyllide ester" denotes protochlorophyllide phytyl ester, while the term "protochlorophyll" denotes the mixture of protochlorophyllide and protochlorophyllide phytyl ester which accumulates in etiolated tissues.
Recently, Rebeiz et al. (28, 29) determined the time curves of protochlorophyllide and protochlorophyllide ester3 accumulation in etiolated cucumber cotyledons during etioplast biogenesis. They also reported a pronounced incorporation of 4-'C-Zaminolevulinic acid into the tetrapyrrole moiety of phototransformable protochlorophyllide (28, 29) . Kinetic 3 The terminology proposed by Kirk and Tilney-Basset is followed in this paper: the term "protochlorophyllide ester" denotes protochlorophyllide phytyl ester, while the term "protochlorophyll" denotes the mixture of protochlorophyllide and protochlorophyllide phytyl ester which accumulates in etiolated tissues.
standing. Hopefully, it would also shed some light upon the regulatory aspects of this problem.
Until now, most of the porphyrin biosynthetic investigations in plants have been carried out with unicellular algae and photosynthetic bacteria.
Rhodopseudomonas spheroides incubated with various substrates accumulate a major fraction of coproporphyrin m; the latter is accompanied sometimes by varying amounts of uroporphyrins I and II (6, 10, 16) . Rhodopseudomonas capsulata, incubated in the light with a mixture containing glycine and succinate, synthesizes large amounts of bacteriochlorophyll and two intermediates: coproporphyrinogen III and protoporphyrin monomethyl ester (4) . Richards and Rapoport have demonstrated, on the other hand, that concentrated suspensions of Chlorobium thiosulfatophilum-660 produce coproporphyrin III, uroporphyrin I and III, as well as porphyrins with 2, 3, 5, 6 , and 7 carboxyl groups (30).
Carell and Kahn worked with isolated Euglena chloroplasts and reported that when the latter were incubated with ALA4 for 10 to 18 hr they produced uroporphyrin and coproporphyrin, but no protoporphyrin (3) . However, if the chloroplasts were disrupted they formed uroporphyrin, coproporphyrin, and protoporphyrin (3) .
To our knowledge no one yet has investigated the protochlorophyll biosynthetic activity of a cell-free system from higher plants, although individual reactions of the metabolic pathway have been studied with crude homogenates (21 4C-Mg phorbins were mixed, and the slurry was concentrated under N2 to a thick paste. Eight milliliters of ethyl acetate :acetic acid (3:1, v/v) were then added, and the mixture was exposed to 40 ft-c of white fluorescent light at 30 C for 30 min. The "4C-coproporphyrin and 14C-protoporphyrin fractions were then extracted as described by Dresel and Falk (5), for chromatographic analysis.
Conversion of Mg Porphyrins into Porphyrins. The Mg porphyrin ether extract was thoroughly mixed with 0.5 to 1 ml of aqueous 3 N HCI. The Mg porphyrins lost their metal and passed into the aqueous acid phase. To transfer the porphyrins back to ether, the acid phase was neutralized with solid sodium acetate and extracted several times with ether (12) .
Hydrolysis of Mg Protoporphyrin Monoester. Mg protoporphyrin monoester in ether was mixed with 0.5 to 1 ml of 7 N HCI.
The ether was evaporated under N2, and the acid extract was incubated in the dark for 20 hr at 4 C. To transfer the resulting protoporphyrin and any unhydrolyzed protoporphyrin monoester back into ether, the acid phase was neutralized with solid Na acetate and extracted several times with ether (12). Spectrophotometric Determinations. Absorption spectra were recorded with a Beckman model DB-G grating spectrophotometer coupled to a Beckman 10-inch linear log recorder. The wave length calibration was checked against the double peak at 573 and 586 nm of a Chance O.N. 12-glass Didymium filter. In addition the absorption maxima were corrected for the slight discrepancies between the actual wave length and the tracing of the recorder. A Unicam SP 500 spectrophotometer was utilized for all quantitative spectrophotometric determinations. The wave length of the instrument was adjusted before use and all absorbance readings were corrected for light scattering as reported in a previous article (29) . The amounts of porphyrins and phorbins were calculated from corrected absorbances and the molar extinction coefficients presented in Table I . (9) . The chromatograms were developed in the dark at room temperature. Protoporphyrin monoester, Mg protoporphyrin monoester, and Mg coproporphyrin were separated from one another and from contaminating coproporphyrin by ascending chromatography on Whatman No. 3 MM paper in acetone:petroleum ether:acetic acid (3:7:0.01, v/v) at room temperature in the dark (9) .
Separation of Porphyrins and Phorbins on Thin Layers. Protochlorophyllide, protochlorophyllide ester, and Mg protoporphyrin monoester were separated from one another and from other porphyrins on thin layers of Silica Gel H. The pigments were quantitatively transferred to Silica Gel H plates in benzene or ether, and the chromatograms were developed in benzene: ethyl acetate:ethanol (8:2:2, v/v) at 4 C in the dark. After development and before drying, the "4C-Mg protoporphyrin monoester and protochlorophyllide bands were scraped into a beaker con- 2 Since the molar extinction coefficient for Mg coproporphyrin is not known, the values for Mg protoporphyrin monoester was used. Since the e values for coproporphyrin and protoporphyrin in the Soret region are very similar, it is assumed that the same might apply for the Mg derivatives of these two compounds. Granick (9) then purified by thin layer chromatography on Silica Gel H in benzene:ethyl acetate:ethanol (8:2:2, v/v). It was identified as such by its absorption spectrum in various solvents and its chromatographic mobility in various solvent systems before and after hydrolysis.
Protoporphyrin monoester was prepared from Mg protoporphyrin monoester as described for the conversion of Mg porphyrins into porphyrins. Protoporphyrin was prepared from protoporphyrin monoester as described under hydrolysis of protoporphyrin monoester. Another sample of protoporphyrin IX was purchased from Calbiochem. Coproporphyrin III tetramethyl ester was also purchased from the above company; it was hydrolyzed into coproporphyrin III as described for protoporphyrin monoester. Protochlorophyllide and protochlorophyllide ester were prepared as described previously (23) .
RESULTS
Tetrapyrroles of Etiolated Cotyledons. The pigment content of 4-day-old etiolated cucumber cotyledons has been reported elsewhere (24, 28, 29 (Fig. 1) .
The porphyrins were extracted and fractionated according to their acid affinity. Two major fractions were obtained: a "coproporphyrin fraction" extractable in 0.1 N HCI and a "protoporphyrin fraction" extractable in 3 N HCI. The latter possesses an "aetio" absorption spectrum in ether (11) and maxima similar to those of protoporphyrin (Table II) . Likewise, the coproporphyrin fraction (5) exhibits an "aetio" absorption spectrum in ether, but the absorption maxima are different from those of the protoporphyrin fraction (Table II) . Furthermore its Soret absorption maximum in 0.1 N HC1 at 401 nm coincides with that of coproporphyrin (13, 33) .
The nature of these free porphyrins was confirmed by their paper chromatographic mobility in 2 ,4-lutidine:0.05 N NH4OH (5:3.5, v/v) (9, 19, 20) (Table III) . Only a trace of uroporphyrin could be detected by its red fluorescence in the remaining aqueous phase. Incorporation of 14C-ALA into the Tetrapyrroles of Etiolated Cucumber Cotyledons. Incorporation of 14C-ALA into porphyrins and protochlorophyll became noticeable after 20 min of incubation ( Fig. 2A) . After 60 min of incubation the radioactive incorporations were already substantial as shown in Figure 2B . The latter also shows incorporation into Mg protoporphyrin monoester. This is in contrast to the 24-hr incubations when no radioactivity could be detected in this compound (29) . These findings might indicate that, durng the early phase of incubation with 1"C-ALA, the latter is rapidly converted into 14(KMg protoporphyrin monoester, which accumulates until its later conversion into protochlorophyll. This observation is also compatible with the hypothesis formulated earlier (29) that protochlorophyll biosynthesis might be controlled at the Mg protoporphyrin monoester level. The radioactivity at the origin of Figure 2 , A and B, probably represents l<: incorporation into protoporphyrin and coproporphyrin since these two compounds accumulate in cotyledons incubated with ALA (Table Ill) .
Biosynthetic Activity of the Crude Homogenate Incubated with ALA. After 18 hr of incubation in the absence of ALA, the crude homogenate lost its original yellowish green color. Spectrophotometric determinations performed on the ether extract revealed only trace amounts of protochlorophyll left. On the other hand, after 18 hr of incubation with ALA, the reaction medium turned pink and emitted a strong red fluorescence under ultraviolet light of 366 nm, indicating the accumulation of porphyrins. The contribution of microorganisms borne by the cotyledonary surfaces to this tetrapyrrole biosynthesis was shown to be negligible. For an estimation of the bacterial contribution, 6 g of whole etiolated cotyledons were incubated in 10 ml of the same incubation medium used for the homogenate and under the same conditions. At the end of incubation, the supernatant was analyzed for porphyrins and phorbins synthesized by the bacterial population of the cotyledonary surfaces. No tetrapyrroles were found.
The ether extract of the reaction medium contained a compound with two absorption bands of equal intensity between 500 and 600 um, typical of metalloporphyrins (Fig. 3) . from those of magnesium protoporphyrin monoester at 591, 553, and 420 nm (Fig. 3) . Furthermore, the chromatographic mobility of this compound in acetone:petroleum ether:acetic acid (3:7:0.01, v/v) was different from that of standard Mg protoporphyrin monoester (Fig. 4A) . The chromatographic mobility of this metalloporphyrin in 2,4-lutidine :0.05 N NH40H (5:3.5, v/v) before and after acidification is presented in Figure  4B . It is obvious that after acidification the RF value of this metalloporphyrin decreases indicating the loss of a metal (Fig.  4B) . The resulting free porphyrin moves with an RF typical of coproporphyrin (Fig. 4B) and exhibits an absorption spectrum in ether typical of coproporphyrin (Table II) . All these results indicate that the major compound in the ether extract of the reaction medium is a metallocoproporphyrin, most probably Mg coproporphyrin, in consideration of the large amounts of Mg2+ added to the reaction medium.
The fractionation of the free porphyrins by the method of Dresel and Falk (5) results in two major, red fluorescent fractions: a uroporphyrin fraction in sodium acetate and a coproporphyrin fraction in 0.1 N HCI.
The coproporphyrin nature of the 0.1 N HCI fraction was confirmed as described in the preceding section by its absorption spectrum in ether, its maxima in HCI and ether (Table II) , and its chromatographic mobility in 2 ,4-lutidine :0.05 N NH40H (5:3.5, v/v).
The uroporphyrin nature of the sodium acetate fraction was confirmed by its chromatographic mobility in the 2,4-lutidine: 0.05 N NH,OH system as well as its Soret absorption at 405 nm in 0.5 N HCI. Both fractions were, however, slightly contaminated by porphyrins, having probably six and five carboxyl groups, as evidenced from paper chromatography in 2 ,4-lutidine: 0.05 N NH4OH (5:3.5 v/v). Only trace amounts of free protoporphyrin could be detected in the reaction. The amounts of tetrapyrroles in the various fractions are presented in Table IV .
Biosynthetic Activity of the Crude Homogenate Incubated with YC-ALA. After 2 hr of incubation at 28 C in the presence of I Figure 2 .
,uc (20 m,moles) of 14C-ALA, the ether extract was chromatographed on Silica Gel H; both fast moving and slow moving tetrapyrroles became labeled (Fig. 5) .
The contribution of cotyledonary surface bacteria to the tetrapyrrole biosynthesis in this system was estimated; 800 mg of whole etiolated cotyledons were incubated in 1.35 ml of the incubation medium used for the homogenate and under the same conditions. At the end of the incubation the cotyledons were discarded and the reaction medium was analyzed for 4C-porphyrins and "4C-phorbins. No radioactive tetrapyrroles were found. Since a 2-hr incubation was sufficient for substantial incorporations into metallo and free porphyrins (Fig. 5) , no need was felt for longer incubations.
The presence of a fast moving '4C-metalloporphyrin in the ether extract of the reaction medium became apparent after chromatography on Silica Gel H. Indeed, this compound exhibited a chromatographic mobility similar to standard Mg protoporphyrin monoester (Fig. 5) . After elution from Silica Gel H, the compound was mixed with standard Mg protoporphyrin monoester and protoporphyrin monoester and chromatographed on paper in acetone: petroleum ether: acetic acid (3:7:0.01, v/v) before and after acidification. The results are presented in Figure 6 . It is evident that the bulk of the radioactivity exhibits the same chromatographic mobility as Mg protoporphyrin monoester and protoporphyrin monoester, respectively, before and after acidification (Fig. 6, A and B) . After hydrolysis of the ester group in 7 N HC1, most of the radioactivity moves on chromatography with the hydrolysis products of the standards, protoporphyrin and small amounts of unhydrolyzed protoporphyrin monoester (Fig. 6C) . These results indicate that the '4C-metalloporphyrin present in the ether extract is "4C-Mg protoporphyrin monoester. The appearance of protoporphyrin monoester after elution from Silica Gel H and subsequent chromatography on paper (Fig. 6A) Figure 2 . gated. Beside Mg protoporphyrin monoester, smaller amounts of radioactivity were also incorporated into Mg coproporphyrin. Free porphyrins were also labeled, namely, coproporphyrin, protoporphyrin, and a porphyrin with three carboxyl groups. The uroporphyrin pool was highly contaminated by 'IC-ALA, and no efforts were made to purify it. Table V presents the incorporation of 14C-ALA into the pools mentioned above. DISCUSSION The ability of etiolated cotyledonary tissue to synthesize protochlorophyll appears to be lost upon homogenization. However, the crude, cell-free homogenate can still accumulate coproporphyrin, uroporphyrin, and Mg coproporphyrin upon prolonged incubation with ALA (Table IV) . During this incubation, the endogenous protochlorophyll present in the extract is gradually broken down by an unknown mechanism. If the incubation is carried out in the presence of radioactive ALA, it is possible to demonstrate the formation of Mg protoporphyrin monoester (Table V) . This compound has been postulated as an intermediate of protochlorophyll biosynthesis in higher plants (1, 2, 4, 9, 12, 21, 31), but does not accumulate normally in whole cotyledonary tissue. Thus, Mg protoporphyrin monomethyl ester seems to constitute the last step of the protochlorophyll biosynthetic pathway in this crude cell-free system. Recent results also indicate that etioplasts isolated by differential centrifugation incorporate 14C-ALA into Mg protoporphyrin monomethyl ester, although to lesser extent than the crude homogenate (Rebeiz and Castelfranco, unpublished) . The accumulation of Mg coproporphyrin might be attributed to a chemical or a nonspecific enzymatic chelation of Mg2+ (17, 18) by the accumulated coproporphyrin. The occurrence of metallocoproporphyrin (31), metallophorphyrins with three to eight carboxyl groups (31) , free porphyrins with three to seven carboxyl groups (3, 30) , and a free porphyrin with three carboxyl groups (33) have been reported in the literature.
The biosynthetic activity of the crude cotyledonary homogenate is considerably more limited than that of intact cotyledons. Nevertheless, it does show certain similarities with the biosynthetic activity of isolated Euglena chloroplasts, unicellular algae, and photosynthetic bacteria (3, 4, 6, 10, 16, 30) , suggesting that the same biochemical pathway for the synthesis of chlorophyll precursors which has been found in lower organisms is operating also in higher plants.
Recent results indicate that in the presence of the proper cofactors, glutathione, methyl alcohol, Mg'+, and inorganic phosphate (26) , the same crude homogenate is able to incorporate '4C-ALA into protochlorophyll. However, the incorporation of 4C-ALA into "4C-protochlorophyll remains much lower than in the intact cotyledons. This might suggest that structural disorganization of enzymes and cofactor destruction and dilution during the homogenization interfere with the simultaneous and efficient biosynthesis of the lipid, protein, and pigment components of a specific organelle membrane.
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